Nature—Inspired Flow Patterns for Active Magnetic Regenerators Assessed Using a 1D AMR Model by Navickaité, Kristina et al.
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
 You may not further distribute the material or use it for any profit-making activity or commercial gain 
 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 
   
 
 
Downloaded from orbit.dtu.dk on: Sep 17, 2019
Nature—Inspired Flow Patterns for Active Magnetic Regenerators Assessed Using a
1D AMR Model
Navickaité, Kristina; Bahl, Christian; Engelbrecht, Kurt
Published in:
Frontiers in Energy Research
Link to article, DOI:
10.3389/fenrg.2019.00068
Publication date:
2019
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Navickaité, K., Bahl, C., & Engelbrecht, K. (2019). Nature—Inspired Flow Patterns for Active Magnetic
Regenerators Assessed Using a 1D AMR Model. Frontiers in Energy Research, 7, [68].
https://doi.org/10.3389/fenrg.2019.00068
ORIGINAL RESEARCH
published: 23 July 2019
doi: 10.3389/fenrg.2019.00068
Frontiers in Energy Research | www.frontiersin.org 1 July 2019 | Volume 7 | Article 68
Edited by:
Angelo Maiorino,
University of Salerno, Italy
Reviewed by:
Reed Teyber,
Lawrence Berkeley National
Laboratory, United States
Paulo V. Trevizoli,
Federal University of Minas
Gerais, Brazil
Jaka Tušek,
University of Ljubljana, Slovenia
*Correspondence:
Kurt Engelbrecht
kuen@dtu.dk
Specialty section:
This article was submitted to
Process and Energy Systems
Engineering,
a section of the journal
Frontiers in Energy Research
Received: 11 June 2019
Accepted: 08 July 2019
Published: 23 July 2019
Citation:
Navickaite˙ K, Bahl C and
Engelbrecht K (2019)
Nature—Inspired Flow Patterns for
Active Magnetic Regenerators
Assessed Using a 1D AMR Model.
Front. Energy Res. 7:68.
doi: 10.3389/fenrg.2019.00068
Nature—Inspired Flow Patterns for
Active Magnetic Regenerators
Assessed Using a 1D AMR Model
Kristina Navickaite˙, Christian Bahl and Kurt Engelbrecht*
Department of Energy Conversion and Storage, Technical University of Denmark, Roskilde, Denmark
A novel flow structure of a solid active magnetic regenerator is proposed in this
paper. The numerical performances of two nature-inspired flow geometries, based
on double corrugated tubes with an elliptical cross-section, are compared to the
performance of conventional flow structures for Active Magnetic Regeneration (AMR)
applications, namely, packed spheres and a cylindrical micro-channel matrix. The
numerical performance of all the geometries is analyzed in terms of cooling power
and coefficient of performance. Regenerators with various porosities and two different
hydraulic diameters of the flow channels are evaluated varying utilization at fixed
temperature spans between the hot and cold reservoirs. The selection of the regenerator
geometry is based on two actual AMR machines. The numerical results demonstrate
that a suitably optimized AMR geometry with a double corrugated flow pattern provides
the same or higher efficiency at higher porosity compared to conventional AMR flow
geometries. These findings suggest that the magnetocaloric material used to construct
AMR beds can be exploited more efficiently and at a lower investment cost of an AMR
device when suitable double corrugated flow pattern is used.
Keywords: magnetocaloric heat pump, active magnetic regenerators, biomimetics, AMR modeling, solid state
cooling
INTRODUCTION
Heat pump technology is widely used in residential and industrial applications. Heat pumps are
especially popular choices for heating, ventilation, and air conditioning (HVAC) applications. In
the USAHVAC applications constitutes more than 40% of the whole primary energy consumptions
(Goetzler et al., 2014). Currently, practically all heat pumps use the vapor compression cycle
utilizing synthetic refrigerants that contribute to global greenhouse gas emission related to leakage
to the ambient. A step toward prohibition of using these synthetic refrigerants has been already
made (European Commission, 2013). This implies that new less harmful substances must be
developed to be used in vapor compression cycle.
On the other hand, alternative cooling technologies have gained more interest from the
scientific and industrial perspectives. A few examples of such technologies are heat pumps
driven by the elasto- or magnetocaloric effect (MCE). Both of these technologies utilize solid
refrigerants and water based heat transfer fluids with some anticorrosion inhibitor, thus can be
more environmentally friendly. Moreover, the U. S. Department of Energy (DOE) listed these
technologies in the first and fourth places, respectively, as the most promising alternatives to
vapor compression cycle (Goetzler et al., 2014) from an energy savings standpoint. Although
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elastocalorics was chosen as the most promising non-vapor
compression technology, it is still at the very beginning of
development (Goetzler et al., 2014; Engelbrecht, 2019). On the
other hand, magnetocaloric technology, which is the focus of
this article, is a more mature technology (Goetzler et al., 2014;
Zimm et al., 2018). It has attracted a great deal of attention
from the scientific community as well as industrial interest
since the first MCE-based heat pump was demonstrated in 1975
(Brown, 1976, 1981). Nevertheless, this novel cooling approach
still must meet a number of challenges before it can be widely
adopted commercially.
First, magnetic cooling devices should provide the same or
higher efficiency than conventional vapor compression machines
at an equivalent cooling power and temperature span. In
addition, magnetocaloric materials (MCM) that are currently
available exhibit severe drawbacks, such as hysteresis (for
strongly first order phase transition (FOPT) materials), narrow
working temperature range (for FOPT materials), brittleness
and mechanical instability (Lyubina, 2017). Solutions have been
found for some of these challenges. For instance, hysteresis in
FOPT materials has been reduced to a negligible value, 1Thyst
= 0.4 K and µ0Hhyst = 0.1 T for porous LaFe11.6Si1.4. Lowering
hysteresis in FOPT materials weakens their transition, bringing
it almost to second order phase transition (SOPT), however, a
significant MCE can still be obtained (Provenzano et al., 2004;
Lyubina, 2017). Note that MCMs are characterized according to
theirmagnetic phase transition, which can be continuous (second
order) or discontinuous (first order) when approaching Curie
temperature, TC (Smith et al., 2012). It must be pointed out that
development and characterization of MCMs is time-consuming
process. Recently a novel approach to characterization of
MCMs that significantly reduces the required efforts and
time for evaluating newly developed MCMs was presented in
Maiorino et al. (2019).
Aside from the material issues, there are a number of
engineering problems that must be solved as well. In each
developed MCE prototype, a small fraction of engineering
problems, such as arrangement of magnetic circuit (Arnold et al.,
2014), increase of cycle frequency (Velázquez et al., 2014, 2016)
and fluid flow arrangement (Eriksen et al., 2015; Dall’Olio et al.,
2017) are addressed. Extensive reviews of the developedmachines
are given in Kitanovski et al. (2015) and Balli et al. (2017).
Recently it was demonstrated numerically and experimentally
that maldistribution of heat transfer fluid through regenerator
beds leads to severe reduction of the machine performance
(Eriksen et al., 2016; Nakashima et al., 2018; Trevizoli et al., 2018).
Another machine performance limiting issue is the geometry
of flow channels of porous AMR. It is desirable to have a
high heat transfer and low pressure drop so that high cooling
power with a high coefficient of performance (COP) could be
obtained. However, a fine AMR geometry provides high cooling
power, but can result in low efficiency due high pressure drop
and therefore pump work (Kitanovski et al., 2015). A great
deal of research efforts has been devoted to experimental and
numerical investigations of various geometries of AMR beds
seeking tomap out the optimized parameters such as particle size,
length and an aspect ratio of a packed bed in order to improve
performance of a magnetocaloric heat pump (Tušek et al., 2011,
2013b; Moore et al., 2013; Lei et al., 2017; Trevizoli et al.,
2017). Due to relatively simple manufacturing, the most widely
reported experimentally tested AMR geometries are packed beds
with spherical or irregular shaped particles and parallel plates
(Engelbrecht et al., 2013; Tušek et al., 2013a,b; Jacobs et al., 2014;
Aprea et al., 2016; Lei, 2016; Bahl et al., 2017; Lei et al., 2018;
Navickaite et al., 2018a,b).
It was demonstrated by numerous experimental and
numerical work that the efficiency of a magnetocaloric device
can be improved by optimizing the geometry of regenerator
beds (Li et al., 2012, 2014; Moore et al., 2013; Tušek et al.,
2013a; Eriksen et al., 2015; Lei et al., 2017; Trevizoli et al.,
2017). A comprehensive numerical study on various AMR
geometries was presented in Lei et al. (2017). There, circular
and rectangular micro-channels, packed screens along with
packed sphere beds and parallel plates were investigated. The
numerical results demonstrated that the AMR with packed
screens could provide a COP of 7.7, which is higher than that of
an AMR with packed spherical particles at the same operational
conditions. Nevertheless, manufacturing of the woven screens
is too complicated considering currently available MCMs (Lei
et al., 2017). Performance of the regenerators with square pins
(Trevizoli et al., 2017) and packed cylinders (Tušek et al., 2013b)
was experimentally compared to that of AMR with packed
spherical particles and parallel plates. The AMRs with packed
spherical particles, reported in Tušek et al. (2013b) and Trevizoli
et al. (2017), outperformed other geometries in terms of COP
and obtained cooling power.
The possibility to manufacture regenerators using selective
laser melting (Moore et al., 2013; Trevizoli et al., 2019) or laser
beam melting (Wieland et al., 2018) opens an opportunity to
investigate different geometries, such as fin-shaped rods or wavy
channels, in line stacked and staggered fibers. It was proven
that the regenerators, fabricated with selective laser melting, do
not show degradation of MCE during 106 cycles of a changing
magnetic field (Moore et al., 2013). However, quenching after
annealing causes internal strains (Moore et al., 2013), which lead
to propagation of cracks in the regenerators.
Because a successful AMR geometry should provide high heat
transfer at a low cost in pressure drop, a double corrugated
geometry is proposed as a porous AMR structure. Recently
reported additive manufacturing techniques could enable this
novel regenerator geometry so a modeling study of this geometry
is timely. Recent experimental results on double corrugated
tubes, on which the flow geometry is based, found that the double
corrugated tubes demonstrate up to 160% higher overall heat
transfer efficiency at constant pumping power compared to an
equivalent straight tube (Navickaite et al., 2019b,c). This means
that increases in heat transfer in double corrugated tubes are
more significant than increases in pressure drop. Therefore, the
double corrugated geometry, used as a flow pattern of a porous
structure of an AMR, has the potential to outperform AMRs with
conventional flow structures.
In this study, a numerical model is used to predict the
performance of an AMR using a regenerator comprised of double
corrugated flow passages. The double corrugated geometry is
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compared to two conventional flow structures of AMR, packed
spherical particles and a cylindrical micro-channel matrix. In
this study, the volume of the regenerators was held constant. All
the modeled regenerators were evaluated comparing the same
porosity, ε, and hydraulic diameter, Dh, of the flow channels.
This implies that the interstitial area, as, for the compared
regenerators was identical. Note that several cases of varying
porosity ε as well as hydraulic diameter Dh were modeled and
compared independently.
AMR GEOMETRIES
The performance of a regenerator strongly depends on its shape.
For example, in general, wide and short regenerators favor
packed sphere beds with sufficiently fine particles rather than
stacked plates or other types of structured flow channels. This
is because a packed sphere bed can provide significantly higher
Qcool than a regenerator with parallel plates while the pressure
drop does not significantly reduce COP. On the other hand, in
general, long and narrow regenerators perform better when the
flow channels have an ordered structure, e.g., stacked parallel
plates or a cylindrical micro-channel matrix. This is because the
increase in pressure drop with packed spherical particles in this
kind of regenerators is too high to establish an operationally
useful COP (Tušek et al., 2013a,b; Lei et al., 2017; Trevizoli and
Barbosa, 2017).
Thus, two different types of the regenerator cassettes were
selected for the numerical analysis presented in this article.
The size of the first type of the regenerators is based on the
cassettes of theMagQueen, which is a magnetocaloric heat pump,
developed at DTU Energy (Dall’Olio et al., 2017; Johra et al.,
2018). Originally, the cassettes of MagQueen were tapered in
order to obtain higherCOP. In this study, tapering of the cassettes
is neglected. These cassettes are referred as “cassette 1.” This
geometry was selected because it is a good example of short and
wide regenerators.
Cassettes of a AMR at KTH Royal Institute of Technology,
Stockholm, Sweden (Monfared, 2018a,b) are a good example of
narrow and long regenerators. These cassettes are referred as
“cassette 2”. It must be noted that cassette 2 was scaled up by a
factor of 2 to make the volumes of cassette 1 and cassette 2 equal.
The dimensions of the modeled regenerators are summarized
in Table 1, where it is seen that cassette 1 is less than half of
the length of cassette 2 and has 2.4 times larger cross-section
area. This is visualized in Figure 1. Note that the mass of the
MCM filled in the cassettes depends on the decided porosity ε
of the regenerator.
Because a porous media AMR model is used, the geometries
must be characterized by suitable correlations, describing
physical phenomena of heat transfer in fluid in terms of Nusselt
number Nu (Equations 11, 12) and pressure drop in terms of
friction factor f. Three regenerator geometries are modeled in
this study: packed spherical particles, cylindrical micro-channel
matrix and double corrugated channels. The regenerators with
spherical particles are fabricated by randomly packing small
spherical particles into a regenerator housing. It is assumed that
TABLE 1 | Geometric characteristics of the modeled cassettes.
Cassette 1 Cassette 2
Length, l, mm 63 150
Height, h, mm 19 12.3
Cross-section, Ac, mm² 976.2 409.6
Volume, V, cm3 61.5 61.5
FIGURE 1 | Sketch of the modeled AMR beds. 1—cassette of the
MagQueen, 2—cassette of the magnetocaloric prototype at KTH Royal
Institute of Technology, Stockholm, Sweden.
the porosity ε of the randomly packed spherical particles is
constant at 0.36. Moreover, for modeling purposes, it is assumed
that all spheres are of the same size. Therefore, the particle size
Dsp is sufficient to characterize the packed sphere bed.
It must be mentioned that the single value of hydraulic
diameter Dh = 0.13mm of the AMR with spherical particles
was considered for numerical simulations, while two values of
Dh for the AMR with cylindrical micro-channel matrix and
double corrugated flow patterns were analyzed. This is because
the hydraulic diameter of the flow channels in AMR with packed
spherical particles is proportional to Dsp, as it is seen from
Equation (1) (Lei et al., 2017). Thismeans that in order to vary the
hydraulic diameter of flow channels of the AMR with spherical
particles, it is necessary to change the size of the particles. It
is well-known that the performance of the AMR with packed
spherical particles strongly depends on particle size.
Dh =
2 ε
3 (1− ε)
Dsp (1)
Where Dh is hydraulic diameter, Dsp is sphere diameter, ε
is porosity.
The differential volume of the geometry of the AMR
with packed spherical particles is presented in Figure 2. The
regenerator porosity ε = 0.36 and particle size Dsp = 0.35mm
result in hydraulic diameter of the flow channels Dh = 0.13 mm.
Since a 1D model is implemented, the performance of
the regenerator is modeled using correlations describing heat
transfer between the MCM and heat transfer fluid and friction
factor. The heat transfer in the AMR with packed spherical
particles is expressed using Nusselt number Nu, given by
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FIGURE 2 | (A) A differential volume of the zoomed-in top/bottom view of the AMR with packed spherical particles. (B) A differential volume of a zoomed-in side view
of AMR with packed spherical particles. (C) A differential volume of a zoomed-in isometric view of AMR with packed spherical particles. The solid material is displayed
in gray and flow channels are displayed in blue.
FIGURE 3 | (A) A differential volume of the zoomed-in top/bottom view of the AMR with the cylindrical micro-channel matrix. (B) A differential volume of a zoomed-in
side view of AMR with the cylindrical micro-channel matrix. (C) A differential volume of a zoomed-in isometric view of AMR with the cylindrical micro-channel matrix.
The solid material is displayed gray and the flow channels are displayed in blue.
Equation (2) (Wakao and Kaguei, 1982).
Nu =
2+ 1.1 Pr
1
3 Re0.6
1+ χ Bi5
(2)
Where Re is the Reynolds number, Pr is the Prandtl number, χ is
correction factor of internal temperature gradient (Engelbrecht
et al., 2006), Bi is Biot number.
The Ergun equation (Ergun and Orning, 1949) for pressure
drop was modified to express the friction factor f in the AMR
with packed spherical particles. The friction factor is given in
Equation (3).
f =
160
ε Re
+
2.4
ε2
(3)
The AMR with cylindrical micro-channel matrix can be
constructed using additive or micromanufacturing techniques.
The porosity ε of such regenerator can be controlled by adjusting
the wall thickness between the flow channels and changing the
diameter of the flow channels. The differential volume of the
geometry of the AMR with cylindrical micro-channel matrix is
presented in Figure 3, where the regenerator porosity is ε = 0.54
and hydraulic diameter of the flow channels Dh = 0.35 mm.
The heat transfer between solid and fluid for the AMR with a
cylindrical micro-channel matrix is obtained using the classical
Hausen correlation as reported in Lei et al. (2017), which is given
in Equation (4).
Nu = 3.657+
0.19
(
RePrDh
l
)0.8
1+ 0.117
(
RePrDh
l
)0.467 (4)
Where l is the length of the regenerator. The friction factor is
calculated from Equation (5) (Munson et al., 2002).
f =
64
Re
(5)
Since the hydraulic diameter of the flow channels of AMRs are
generally very small, typically less than amillimeter, the fluid flow
is always laminar, thus the correlations, given in Equations (4)
and (5), are the most suitable for calculating heat transfer and
friction factor in AMRs with circular micro-channels.
The double corrugated tubes, which are the base geometry
of the AMR with the double corrugated flow patterns, are fully
described in Navickaite et al. (2019a,b,c). The geometry of double
corrugated tubes is inspired by the capability of several fish
species to maintain their full or regional body temperature above
that of surrounding water through the use of a vascular counter
flow heat exchanger that recovers heat generated in the muscles
(Dickson and Graham, 2004; Wegner et al., 2015). This is due
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FIGURE 4 | Isometric view of a double corrugated tube generated in CAD
software using Equation (6).
to a fascinating arrangement and shape of the blood vessels of
these fishes. It was found that at an orthogonal to the blood flow
direction there are numerous of tightly bundled blood vessels
with elliptical-like cross-sections having various aspect ratios
(Wegner et al., 2015). Two-dimensional corrugation of the blood
vessels intensifies heat transfer in a fish body by preventing
the development of the thermal boundary layers. At the same
time, the increase in pressure drop is limited in order to avoid
stress on the heart. In order to mimic this shape two sets of
equations, describing the surface of double corrugated tubes,
were derived. Equation (6) describes the double corrugated tubes
with a constant hydraulic diameterDh and (Equation 7) describes
the double corrugated tubes with a constant cross-section area
Ac. As an example, Figure 4 presents a single double corrugated
tube generated using Equation (6).{
x = R2AR
(
sin
( 2π
K z
))
+ R2
y = R2AR
(
−sin
( 2π
K z
))
+ R2
(6)


x = R
(
AR
(
sin
( 2π
K z
)))
y = R
(
AR
(
−sin
( 2π
K z
))) (7)
Where R is radius of an equivalent straight tube, AR is aspect
ratio of x and y axes, z is the longitudinal position, and K is the
corrugation period.
The impact of the corrugation period K and aspect ratio AR
on the thermo-hydraulic performance of the double corrugated
tubes has been analyzed using CFD software. The modeling
results have been reported in Navickaite et al. (2019a), and in
that article it was demonstrated that in the low Reynolds number
region the double corrugated tubes with shorter corrugation
period K are more effective (Navickaite et al., 2019a). Moreover,
increasing thermal efficiency was obtained for double corrugated
tubes with increasing AR up to 2.2. The CFD analysis was carried
out in the laminar flow regime at constant wall temperature
conditions. Moreover, the simulations were performed using
TABLE 2 | Scaling factors for Nu and f for double corrugated tubes compared to
the equivalent straight tube and increase in PEC in region of Re from 1,000 to
2,000.
Tube name Scaling factor
for Nu, cfn
Scaling factor
for f, cff
Increase in
PEC, %
Dh = const. 4.41 9.12 111 %
Ac = const. 1.57 2.44 16 %
constant pressure drop conditions that were normalized to the
length of modeled tubes. This implies that the mass flow rate
passing through the tubes varied (Navickaite et al., 2019a).
The double corrugated tubes that demonstrated the most
promising numerical results were fabricated using selective laser
melting technique and experimentally characterized in a tube-in-
shell heat exchanger. Experimental results revealed that double
corrugated tubes with longer periods K demonstrate lower
increase in thermal efficiency when considering the same aspect
ratio AR. However, the increase in friction factor is also lower
for these tubes. On the other hand, double corrugated tubes with
higher AR demonstrated significantly higher thermal efficiency
compared to ones with lower AR considering same K value.
However, with increasing Re, tubes with intermediate AR values
outperformed ones with high AR (Navickaite et al., 2019b,c).
The double corrugated tubes proved experimentally to be
more efficient than an equivalent straight tube at constant
pumping power for a standard heat transfer application by
calculating performance evaluation criteria PEC (Navickaite
et al., 2019b,c). PEC is a tool for evaluating effectiveness of an
enhanced geometry used for passive heat transfer augmentation
and is given in Equation (8).
PEC =
Nu/Nu0(
f /f0
)1/3 (8)
Where Nu and f are Nusselt number and friction factor
for a double corrugated tubes, respectively, and Nu0 and
f 0 is the Nusselt number and friction factor for a straight
tube, respectively.
Experimentally investigated double corrugated tubes
demonstrated up to 160% increase in PEC in the Re region
from 1,000 to 2,500 (Navickaite et al., 2019b,c). This means
that increases of the heat transfer in double corrugated tubes
is higher than the penalty for increased pressure drop. This
is a desired characteristic of a successful AMR geometry,
although it should be stressed that PEC was not derived for AMR
applications. Another measure of the heat transfer to pressure
drop in a regenerator is the ratio of Nu to f, and the cylindrical
channels exhibit a higher ratio than the corrugated channels as
shown in Figure 6C. A micro-channel matrix along with two
selected double corrugated flow patterns was implemented in
a 1D AMR model adopting suitable coefficients for increase in
Nusselt number and friction factor that are given in Table 2.
The correlations for calculating Nu and f for double corrugated
tubes reported in Navickaite et al. (2019b,c) are valid in the range
of Reynolds number, Re, from 1,000 to 2,500. The range of Re
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FIGURE 5 | (A) A differential volume of the zoomed-in top/bottom view of the AMR with the double corrugated flow pattern. (B) A differential volume of a zoomed-in
side view of AMR with the double corrugated flow pattern. (C) A differential volume of a zoomed-in isometric view of AMR with the double corrugated flow pattern.
The solid material is displayed by gray color and flow channels are displayed by blue color. The video with animated rotation of the differential volume is available at
Supplementary Video 1.
in this AMR modeling was from 1 to 300. Thus, the obtained
Nu correlations for double corrugated tubes cannot be directly
implemented in the 1D AMR model. Therefore, ratios of Nu
and friction factor, f, were obtained between double corrugated
tubes and the reference straight tube in the laminar flow regime
(1,000 ≤ Re ≤ 2,000) (Navickaite et al., 2019b,c). They were
implemented as scaling factors for Nu and f, assuming that the
double corrugated tubes would demonstrate similar performance
ratios in the lower Re region as in the region in which they were
experimentally investigated. Nu and f for the AMRs with double
corrugated flow patterns were determined by scaling the straight
tube correlations, and the scaling factors are given in Table 2.
The scaling factors for Nusselt number and friction factor are
given in Equations (9) and (10).
cfn =
Nu
Nu0
, 1000 ≤ Re ≤ 2000 (9)
cff =
f
f0
, 1000 ≤ Re ≤ 2000 (10)
From Table 2, one can see that the double corrugated tubes,
selected as the flow patterns of porous structure of a solid
AMR, demonstrate rather different performance. The double
corrugated tube with constant Dh demonstrates the highest PEC
that was tested (Navickaite et al., 2019c). On the other hand,
the double corrugated tube with constant Ac shows one of the
lowest PECs that was tested (Navickaite et al., 2019b). However,
the ratio between increase in f and increase in Nu is much
smaller in the double corrugated tube with constant Ac than with
constant Dh, demonstrating values of 35 and 52%, respectively.
Therefore, these two double corrugated tubes were selected for
the numerical analysis.
The porosity of the AMR with the double corrugated flow
patterns can be controlled similarly as of the AMR with the
cylindrical micro-channel matrix, by controlling the size of the
flow channels and wall thickness between them. The differential
volume of the geometry of the AMR with the double corrugated
flow pattern is presented in Figure 5, where porosity is 0.54 and
hydraulic diameter of the flow channels is 0.35mm. In Figure 5,
it can be seen that the double corrugated channels are arranged
in a rectangular array and stacked in a way that the peak of
one channel is at the same level of the narrowest part of the
neighboring channels. In this way, compactness of the AMR is
increased with the possibility to obtain porosity as high as 0.54.
Fabrication of the AMR with the double corrugated flow
patterns is possible using additive manufacturing techniques,
such as laser melting. It was demonstrated that it is possible
to manufacture a regenerator with straight flow channels that
have a hydraulic diameter Dh = 0.3mm (Wieland et al., 2018).
However, the double corrugated flow structures could introduce
additional complexity in fabricating flow channels using the laser
melting process. Therefore, a slightly larger hydraulic diameter
of flow channels was selected for the numerical analysis of the
regenerators with ordered flow structures.
A conventional comparison between the heat transfer and
pressure drop performances of each regenerator is shown in
Figure 6. Note that the correlations were compared at identical
conditions, i.e. same fluid properties, same length of regenerators
(applicable to AMRwith ordered flow structures), same hydraulic
diameter of the flow channels and same porosity of regenerators.
In Figure 6A, one can see that the highest Nusselt number
is exhibited by the AMR with packed spherical particles for Re
> 20. On the other hand, the AMR with double corrugated
flow patterns, especially the one with constant Dh, provide
significantly greater Nu than the AMR with the cylindrical
micro-channel matrix. Nevertheless, the latter geometries have a
significantly greater friction factor.
Since a successful AMR geometry should provide high heat
transfer and low pressure drop, the correlations presented above
are compared using the linear ratio between Nusselt number and
friction factor, as shown in Figure 6C. It is clear that the AMR
with the cylindrical micro-channel matrix demonstrates the best
ratio between Nusselt number and friction factor, while the AMR
with packed spherical particles demonstrates the lowest ratio.
Thus, the AMR with the cylindrical micro-channel matrix with
small hydraulic diameter of flow channels is potentially more
efficient than the AMR with packed spherical particles.
It is worth mentioning that there is a major difference
between PEC values at constant pumping power and the
linear ratio between Nusselt number and friction factor for the
corrugated channels. In the previous case, the performance of
an enhanced geometry is evaluated representing constraints on
Frontiers in Energy Research | www.frontiersin.org 6 July 2019 | Volume 7 | Article 68
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FIGURE 6 | (A) Nusselt number as a function of Reynolds number for all geometries modeled. (B) Friction factor as a function of Reynolds number. (C) Ratio of
Nusselt number to friction factor as a function of Reynolds number for different geometries with porosity ε = 0.36, hydraulic diameter Dh = 0.13mm, regenerator
length with ordered flow structures l = 63mm.
certain operational conditions, namely the available pumping
power. On the other hand, the linear ratio of Nusselt number
to friction factor provides performance evaluation at constant
mass flow rate. In this case, the enhanced geometry is required to
provide higher thermal effectiveness compared to a conventional
geometry and it is allowed to operate at higher pressure drop
(Webb and Kim, 1994). Thus, the later method does not
provide specific operational conditions as opposed to the PEC
method. When modeling performance of AMRs, the goodness
of the geometry in question is evaluated in terms of COP and
cooling power.
ONE-DIMENSIONAL AMR MODEL
Many different approaches have been reported in literature to
model AMRs. A review on numerical AMR models that were
developed by 2011, with a focus on various components of AMR
models emphasizing their effect on modeling results, is given in
Nielsen et al. (2011). The vast majority of the developed AMR
models are one-dimensional (Tušek et al., 2011; Aprea et al.,
2012), although, two- and three-dimensional models have been
presented as well (Bouchard et al., 2009; Liu and Yu, 2011; Aprea
et al., 2015). Two-dimensional models are often used to model
AMRs with ordered structures, i.e., parallel plates, cylindrical or
square channels (Tušek et al., 2013a) due to differences in the
definition of heat transfer between fluid and a solid.
Regardless of the modeling approach, all AMR models must
calculate heat transfer in the solid MCM matrix, and the MCE
due to varying magnetic field, coupled with convective heat
transfer in the fluid. Thus, the governing equations, as described
first in Lei (2016), are given in Equations (11) and (12).
∂
∂x
(
kstatAc
∂Ts
∂x
)
+
Nu kf
Dh
asAc
(
Tf − Ts
)
= Ac (1− ε) ρs
[
cH
∂Ts
∂t
+ Ts
(
∂ss
∂H
)
Ts
∂H
∂t
]
(11)
∂
∂x
(
kdispAc
∂Tf
∂x
)
− m˙f cf
∂Tf
∂x
−
Nu kf
Dh
asAc
(
Tf − Ts
)
+
∣∣∣∣∣∂P∂x
m˙f
ρf
∣∣∣∣∣ = Acε ρf cf ∂Tf∂t (12)
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TABLE 3 | Material properties and boundary conditions for the 1D AMR model.
Packed sphere bed Circular micro-channel matrix Double corrugated channels
Dh = const. Ac = const.
Porosity, ε 0.36 0.27; 0.36; 0.45; 0.54
Mass of MCM, m, kg 0.311 0.355; 0.311; 0.267; 0.223
Particle size, Dsp, mm 0.35 -
Hydraulic diam., Dh, mm 0.13 0.13;0.35
Material Gadolinium
Number of layers 1
Temp. span, 1Tspan, K 25.0
Hot end temp., Thot, K 300.0
Cold end temp., Tcold , K 275.0
Heat transfer fluid Water
Magnetic field, B, T 1.2
Operational freq., ν, Hz 0.5; 2.0
Where k is thermal conductivity, T is temperature, ρ is density, cf
is specific heat of a heat transfer fluid, cH is specific heat capacity
of MCM at constant magnetic field, s is specific entropy, Ac is
cross-sectional area, as is specific area, and ε is porosity, x is axial
positon, t is time, m˙ is mass flow rate,H is internal magnetic field,
Nu is Nusselt number and ∂P
∂x is pressure drop per unit length.
The subscripts f, s, disp and stat represents fluid, solid refrigerant,
dispersion and static, respectively.
The full model description, applied modifications and the
discretization of governing equations are given in Lei (2016). The
first term on the left hand side of Equation (11) describes thermal
conduction through the AMR bed; the second term represents
the heat transfer between the fluid andMCM. The energy storage
and magnetic work of the MCM are defined by the term on the
right hand side. The first term on the left hand side of Equation
(12) is thermal conduction through the fluid, the second term is
the enthalpy flow, the third term is the heat transfer between the
fluid and MCM, and thus it couples both energy equations. Then
the viscous dissipation is the fourth term on the left hand side of
Equation (12) and the energy storage in the fluid is the term on
the right hand side.
The 1D AMR governing equations were developed using the
following assumptions:
1. The MCM is uniformly distributed in the AMR bed;
2. There is no flow leakage or bypass;
3. The MCM exhibits uniform magnetization
and demagnetization;
4. Fluid enters the AMR at uniform bulk temperature and
uniform velocity profile across the cross-section of an AMR;
5. The fluid is incompressible;
6. No phase change occurs in the fluid;
7. The radiation heat transfer is negligible.
The number of space nodes used in this study was 40. It was
found that the accuracy of the numerical solution did not increase
by increasing spatial nodes by 25 and 50%. The model was
considered to reach convergence when the numerical tolerance
of 1·10−5 was attained and the number of iterations exceeded
500. The 1D AMR model used in this study has been previously
validated against SOPT and FOPT materials as well as multi-
layered materials (Lei et al., 2018; Navickaite et al., 2018b).
As each geometry and hydraulic diameter can have its
own set of operating parameters and overall regenerator shape
that give the best performance, it is important to model a
range of operating conditions while holding parameters such as
material properties and total regenerator volume constant. For
all modeled cases, the regenerator volume, MCM, magnetic field
profile, cycle frequencies considered, and operating temperatures
were held constant. Since packed sphere beds are assumed
to have a constant porosity that cannot vary, all geometries
were compared for a porosity of 0.36 and a hydraulic diameter
of 0.13mm. All other geometries were also modeled for
porosities of 0.27, 0.45, and 0.54 and for hydraulic diameters
of both 0.13 and 0.35mm. The hydraulic diameter value of
0.35mm was chosen to reflect current technological limitations
of additive manufacturing techniques (Wieland et al., 2018)
and 0.13mm corresponds to a packed sphere regenerator with
0.35mm diameter spheres. The porosity of 0.54 is considered
the maximum possible porosity of this type of packed double
corrugated tubes. When the porosity was varied, the mass of
MCM varied correspondingly. The input data for the 1D AMR
model are summarized in Table 3.
As can be seen in Table 3, the numerical analysis was
carried out for a single-layer AMR using the benchmark MCM
gadolinium (Gd). Since Gd is the most widely reported material
used for AMR modeling and verifying performance of different
devices, it was selected for this study. Note, that the aim of
this article is to discuss which type of flow pattern is better to
use for constructing an AMR that would allow obtaining the
best performance, rather than which material should be used
in MCE driven devices or how many layers regenerators must
consist of.
The performance of all the analyzed geometries was grouped
according to AMR characteristics, i.e., porosity, ε, and hydraulic
diameter, Dh. Thus, mass, m, of the MCM and the specific heat
transfer surface, as, are the same for all the compared geometries
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FIGURE 7 | Cooling power (left axis) and cooling COP (right axis) as a function
of utilization in cassette 1 with the cylindrical micro-channel matrix at ε = 0.36,
2Hz and Dh = 0.13mm.
in a single chart. Therefore, the difference in performance is due
only to the different geometries.
The performance of the numerically analyzed geometries was
evaluated varying utilization,U, which is defined in Equation (13)
and at the fixed temperature span of∆Tspan = 25K. Themodeled
frequencies were 0.5 and 2Hz, as shown in Table 3.
U =
mf cf
mscH
(13)
Where mf is mass of the heat transfer fluid pushed through
the regenerator during one blow, ms is mass of MCM, cH is
specific heat of MCM. An average value of cH , obtained during
simulations is used to calculate utilization for all modeled cases,
since cH is temperature and magnetic field dependent.
RESULTS AND DISCUSSION
Before analyzing the numerical results in details, it must be noted
that two solutions of cooling COP can often be obtained for the
same value of Qcool (except the maximum Qcool, where a single
cooling COP exists) as it is seen from Figures 8–11.
This is because Qcool established by an AMR regenerator
increases with increasing the flow rate of the heat transfer fluid
as it is seen from Figure 7 (left axis). However, when the flow
rate becomes too large, the regenerator cannot establish sufficient
temperature span and the cooling power is reduced (Kitanovski
et al., 2015). On the other hand, the highest COP can be obtained
at low flow rates. As the flow rate increases above the maximum
COP value, the COP decreases due to higher pressure drop and
increased heat transfer losses, as can be seen in Figure 7 (right
axis). Combining results for Qcool and COP, one can see from
Figure 7 (left axis), that cooling power of 40W can be obtained
at two different utilization values U of 0.27 and 0.65. In Figure 7
(right axis), can be seen that there are two COP values of 5.5 and
2.0 for these specific utilization values, respectively. Therefore,
the presentation of numerical results in a form where cooling
COP is a function ofQcool, as presented in Figures 8–11, provides
a clearer understanding of the performance of the investigated
regenerators at given conditions. It is important to keep in mind
that most cooling applications will require a specific cooling
power and the best geometry therefore has the highest COP at
the desired cooling power. In the presented figures, the geometry
that gives the highest COP at anyQcool can be readily determined.
The variation in the system performance is given by variation in
the utilization, which is not plotted.
It is worth mentioning that COP as a measure to evaluate
performance of a cooling cycle is more widely accepted in
industry. On the other hand, the second law efficiency η2nd is
more relevant for the scientific community, since it allows to
evaluate the performance of a system taking into consideration
irreversibilities of the process. The actual COP (the first law
efficiency) is calculated as given in Equation (14).
COP =
Qcool
Wpump +Wmag
(14)
Where Wpump and Wmag are electric powers, required to drive
a fluid pump and a motor that moves either regenerators or a
magnet assembly, respectively. BothWpump andWmag are given
in Equations (15) and (16), respectively.
Wpump =
m˙f
ρf
p (15)
Wmag = QH − QC −Wpump (16)
The ideal or reversible COP is calculated as given in
Equation (17).
COPid =
Tcold
Thot − Tcold
(17)
The second law efficiency is the ratio between the actual COP
and the reversible COP of the same system, as it is seen in
Equation (18).
η2nd =
COP
COPid
(18)
Inspecting Figures 8–11, one can see that cassette 1 (the shorter
regenerator) performs significantly better in all the investigated
conditions compared to cassette 2. Although, similar values for
cooling COP can be obtained using either geometry, cassette
1 gives a higher cooling power for every modeled case. These
findings are explained further in the discussion.
In Figures 8–11, one can see that the performance of all
AMRs with structured flow channels is significantly higher when
the hydraulic diameter of the flow channels is Dh = 0.13mm
compared to 0.35mm. The smaller hydraulic diameter results
in higher heat transfer and therefore higher cooling power and
efficiency. Comparing model results for cassette 1 and cassette 2
(see, for example, Figures 8A,B), the straight cylindrical channels
perform much better than the corrugated channels for the longer
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FIGURE 8 | Cooling COP as a function of cooling power at ε = 0.27. (A) Cassette 1, ν = 0.5Hz, (B) cassette 2, ν = 0.5Hz, (C) cassette 1, ν = 2Hz, (D) cassette 2,
ν = 2 Hz.
cassette 2. Conversely, for the shorter cassette 1, the corrugated
channels can accept a larger cooling load and the AMR with
double corrugated channels with constant Ac also operates at
approximately equal or higher efficiency.
In Figure 9C, it can be seen that the maximum Qcool,
obtained with the AMR with double corrugated channels with
constant Ac with Dh = 0.13mm, approaches the maximum
Qcool, obtained with the AMR with packed spherical particles.
Moreover, the previous regenerator establishes slightly higher
cooling COP. On the other hand, in Figure 9D, it is seen these
two regenerators perform almost identically if used in cassette
2. There a fine structure of cylindrical micro-channel matrix
demonstrates superior performance. This finding agrees with the
statement made in section AMR Geometries.
In addition, in Figures 8–11, it is seen that the maximum
cooling power for all the regenerators decreases with increasing
porosity, as the mass of MCM decreases with increasing porosity.
It is especially noticeable for AMRs with a flow channel size
Dh = 0.13mm. Moreover, AMRs with double corrugated flow
patterns provides significantly higher maximum Qcool compared
to the AMR with the cylindrical micro-channel matrix, although
generally at a lower efficiency. One can also see that the cooling
COP, established by the AMR with double corrugated flow
patterns is higher than for the AMR with the cylindrical micro-
channel matrix, at maximum Qcool for the later regenerator. For
example, the AMR with double corrugated tube with constant Ac
provides cooling COP of 4.9 while it is 3.9 for the AMR with the
cylindrical micro-channel matrix at Qcool = 50W, as it is seen in
Figure 9C. In Figure 10C one can note that AMR with double
corrugated tube with constant Ac provides cooling COP of 4.0
at Qcool = 65W, while AMR with the cylindrical micro-channel
matrix cannot establish such high cooling power.
One main conclusion from the results presented in
Figures 8–11 is that the double corrugated tubes present
a generally similar trend as the cylindrical channels. In
some cases, the double corrugated tubes can produce higher
cooling power at a reduced COP but in others, Figure 8A
for example, the corrugated tubes outperform the cylindrical
channels over the entire cooling capacity range. These model
predictions show that each corrugation structure gives different
performance but the double corrugated geometry does have the
potential to outperform cylindrical channels provided that the
corrugation pattern is well-suited to the operating conditions of
the regenerator.
One can see that performance of AMRs with the cylindrical
micro-channel matrix and the double corrugated channels with
Ac constant decreases significantly with increased hydraulic
diameter of the flow channels as shown in Figures 8–11.
On the other hand, the AMRwith double corrugated channels
with constant Dh demonstrates an increase in COP at maximum
cooling power when the size of the flow channels increased from
0.13 to 0.35mm. Despite the fact that the maximum cooling
power decreased significantly for the AMR with larger size of
flow channels, it demonstrates rather similar performance to the
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FIGURE 9 | Cooling COP as a function of cooling power at ε = 0.36. (A) Cassette 1, ν = 0.5Hz, (B) cassette 2, ν = 0.5Hz, (C) cassette 1, ν = 2Hz, (D) cassette 2,
ν = 2Hz.
FIGURE 10 | Cooling COP as a function of cooling power at ε = 0.45. (A) Cassette 1, ν = 0.5Hz, (B) cassette 2, ν = 0.5Hz, (C) cassette 1, ν = 2Hz, (D) cassette 2,
ν = 2Hz.
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FIGURE 11 | Cooling COP as a function of cooling power at ε = 0.54. (A) Cassette 1, ν = 0.5Hz, (B) cassette 2, ν = 0.5Hz, (C) cassette 1, ν = 2Hz, (D) cassette 2,
ν = 2 Hz.
AMRs with a flow channel size of 0.13mm. For the purpose of
comparison at a single operating condition, the performance of
all modeled regenerators was analyzed at a cooling power,Qcool of
40W, and the best results are presented in Table 4. Regenerators
that could not accept a 40W cooling load were omitted from
the comparison.
Again, one can note, that cassette 1 demonstrated significantly
higher efficiency than cassette 2 at the given cooling load
conditions regardless of the used AMR flow pattern. This is
caused by two major factors. First, the heat transfer is lower for
longer flow channels than for short as it is seen in Equation
(4). The difference in Nusselt number obtainable by the short
(cassette 1) and long (cassette 2) geometries increases with
increasing Reynolds number. Thus, cassette 1 has the potential
to establish higher cooling power than cassette 2. The second
factor contributing to the efficiency of the AMRs is pressure drop.
Cassette 2 is longer than cassette 1, thus exhibits higher pressure
drop at the same Reynolds number. In other words, theoretical
performance of cassette 2 is limited to lower heat transfer at
higher pressure drop compared to cassette1.
One also can see from Figures 8–11 and Table 4 that the
highest second law efficiency between 49 and 55% can be
obtained with sufficiently fine ordered structures of AMRs.
Nevertheless, AMRs with packed spherical particles demonstrate
η2nd of 46% followed by AMRs with double corrugated geometry
with Dh = const., ε = 0.54 and channel size of 0.35mm that
establishes η2nd of 45%.
In Table 4, one can see that the maximum cooling COP of
6.0 was established by cassette 1 with the cylindrical micro-
channel matrix with Dh = 0.13, ε = 0.54mm at ν = 2Hz.
The AMR with constant Ac with Dh = 0.13mm demonstrated
cooling COP above 5.0. Moreover, the AMRs with cylindrical
micro-channels matrix and constant Ac with ε ≤ 0.36 and Dh
= 0.13mm outperformed the AMR with spherical particles.
However, fabrication of such narrow flow channels is challenging
and practically such performance might be not obtainable due to
inaccuracies caused by the manufacturing process.
On the other hand, cassette 1 with packed spherical
particles with ε = 0.36mm at ν = 2Hz provides a COP
of 5.0. It is technically possible to manufacture spheres with
diameter of 0.35mm (which is considered in this study).
Nevertheless, it is impossible to assure even size and shape of
the fabricated particles. This also leads to degradation of the
AMR performance.
Finally, cassette 1 with double corrugated flow pattern with
constant Dh with Dh = 0.35, ε = 0.54mm at ν = 2Hz
demonstrated a COP of 4.9. It is noticeable that mass of
MCM in the later regenerator is 28% lower than in cassette
1 with packed spherical particles. This means, that similar
performance of AMR could be obtained using less MCM. This
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TABLE 4 | Performance of all modeled regenerators at Qcool = 40W.
Cassette Flow pattern Dh, mm ε ν, Hz Cooling COP η2nd , % mMCM, kg Utilization, U m˙f, kg/s 1p, bar Wpump, W Wmag, W
1 Ac=const. 0.13 0.27 2 5.05 45.89 0.355 0.19 0.355 1.0142 1.958 5.995
1 Ac =const. 0.13 0.36 2 5.42 49.32 0.311 0.24 0.311 0.8562 1.853 5.531
1 Ac =const. 0.13 0.45 2 5.44 49.48 0.267 0.34 0.267 0.8153 2.102 5.259
1 Ac =const. 0.13 0.54 2 5.18 47.09 0.223 0.51 0.223 0.8426 2.688 5.042
1 Cylindrical 0.13 0.36 2 5.55 50.49 0.311 0.27 0.311 0.3889 0.930 6.279
1 Cylindrical 0.13 0.45 2 5.98 54.33 0.267 0.36 0.267 0.3533 0.960 5.738
1 Cylindrical 0.13 0.54 2 6.07 55.17 0.223 0.52 0.223 0.3566 1.174 5.423
1 Dh=const. 0.13 0.27 0.5 3.41 31.04 0.355 0.75 0.355 3.6691 6.794 4.922
1 Dh =const. 0.13 0.36 0.5 3.38 30.70 0.311 1.02 0.311 3.2692 7.192 4.654
1 Dh =const. 0.13 0.45 0.5 3.01 27.41 0.267 1.48 0.267 3.2543 8.909 4.362
1 Dh =const. 0.13 0.27 2 3.59 32.61 0.355 0.18 0.355 3.4924 6.169 4.961
1 Dh =const. 0.13 0.45 2 3.04 27.65 0.267 0.39 0.267 3.2923 9.689 4.652
1 Dh =const. 0.13 0.54 2 2.19 19.94 0.223 0.64 0.223 3.6938 13.782 4.474
1 Dh =const. 0.35 0.45 2 4.47 40.62 0.267 0.45 0.267 0.5537 1.871 7.091
1 Dh =const. 0.35 0.54 2 4.96 45.05 0.223 0.59 0.223 0.5119 1.918 6.157
1 Spherical 0.13 0.36 2 5.07 46.08 0.311 0.27 0.311 0.5722 1.354 6.546
2 Ac =const. 0.13 0.27 2 2.26 20.55 0.355 0.21 0.355 6.1345 12.587 5.214
2 Ac =const. 0.13 0.45 2 1.83 16.64 0.267 0.43 0.267 5.5726 17.251 4.612
2 Ac =const. 0.13 0.54 2 1.05 9.58 0.223 0.81 0.223 7.1379 33.963 4.007
2 Cylindrical 0.13 0.36 2 3.66 33.26 0.311 0.27 0.311 2.1900 5.207 5.763
2 Cylindrical 0.13 0.45 2 3.71 33.72 0.267 0.36 0.267 2.0210 5.533 5.264
2 Cylindrical 0.13 0.54 2 3.34 30.36 0.223 0.55 0.223 2.1002 7.162 4.830
2 Dh =const. 0.35 0.54 2 1.95 17.75 0.223 0.70 0.223 3.3837 14.787 5.747
would lead to reduction of investment cost of a magnetocaloric
heat pump.
Results presented here show that the double corrugated
flow channels and cylindrical flow channels generally
perform similarly, although each has its own advantages
and disadvantages. This leads us to conclude that neither PEC
nor the ratio of Nu to f can give a definitive characterization
of an AMR geometry. Actual AMR performance can depend
on a number of aspects and modeling the system COP remains
the best method to evaluate a given geometry. However, both
methods do give a general comparison of geometries.
Figure 12 presents the total power consumption of each
regenerator that demonstrates cooling COP > 4.0 at Qcool =
40W. One can see that the magnetic work is the lowest for
the AMR with the double corrugated tube with constant Ac
comparing regenerators with the same mass of MCM. However,
an increase in consumed pumping power leads to a reduction
of cooling COP compared to the AMR with the cylindrical
micro-channel matrix. On the other hand, the AMR with packed
spherical particles and with the double corrugated tube with
constant Dh (ε = 0.54) show very similar required magnetic
work. The main difference between the two is higher required
pumping power for the later regenerator, which leads to a
marginal reduction of cooling COP of the later AMR.
In addition, the initial results of this study suggest that
the PEC criterion is not relevant for selecting a flow pattern
based on the double corrugated geometry. The PEC criterion
was initially developed for evaluating global performance of
enhanced geometries at the same operational conditions as for
a reference geometry (Webb and Kim, 1994). This criterion, after
some modifications, could be used for evaluating performance
of enhanced geometries at constant: pumping power; flow rate;
heat transfer surface area; heating duty, and etc. (Webb and
Kim, 1994). However, none of these evaluation criteria provides
boundary conditions, suitable for AMR application. For example,
PEC with constant heating duty condition would lead to reduced
length of an enhanced geometry. This is not applicable when
performance of different AMR is compared. Moreover, the PEC
criterion has been developed for evaluating an enhanced heat
transfer rate over increase in friction factor, i.e., an enhanced
geometry is considered to be more efficient than a reference
geometry if the previous demonstrates greater increase in Nusselt
number than it is in friction factor. On the other hand, AMR
geometries are compared in terms of constant cooling power.
Thus, a more performance efficient AMR would demonstrate
higher cooling COP at the same Qcool.
Simulation results, presented in this article, demonstrate that
AMRs with sufficiently fine flow structures based on cylindrical
micro-channels or double corrugated geometry could provide
significantly higher efficiency than packed spherical particle
AMRs, although, experimental results reported up to now
demonstrate that AMRs with packed spherical particles provide
the best performance. In addition, the porosity of the previous
regenerators can be increased up to 0.54. Thus, exploitation
of MCMs could be improved in MCE-driven devices. Similar
findings were presented in Lei et al. (2017) and Trevizoli et al.
(2017). There authors concluded that AMRs with packed screen
bed (Lei et al., 2017) and pin array (Trevizoli et al., 2017) have the
potential to outperform AMRs with packed spherical particles.
Nevertheless, the main issue is expensive and time-consuming
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FIGURE 12 | Total power consumption of AMR that demonstrates cooling COP > 4.0 at Qcool = 40W (from Table 4).
fabrication of the pin arrays and woven screens (Lei et al., 2017;
Trevizoli et al., 2017). Findings of this study relate to Trevizoli
et al. (2017) and Lei et al. (2017) in a way, that the current
technical limitations of SLM and LBM may introduce certain
restrictions to the manufacturing process of AMR with double
corrugated flow patterns. For example, minimum possible wall
thickness or hydraulic diameter of the flow channels.
CONCLUSIONS
In this article, a nature-inspired solution for the flow structure of
a porous structure of an AMR was presented. The performance
of such an AMR with double corrugated flow pattern was
investigated numerically using a 1D AMR model. The obtained
results were compared with the numerical performance of
an AMR with conventional flow structures, namely, packed
spherical particles and a cylindrical microchannel matrix.
Regenerators with two different lengths were considered based
on two existing magnetocaloric devices. Two sizes of hydraulic
diameters of the flow channels as well as various porosities
were investigated.
From the numerical results, it is shown that the double
corrugated geometry has a potential to be applied as a flow
pattern for a porous AMR structure. When the corrugation
pattern is matched to the desired operating conditions,
higher cooling capacity and efficiency can be achieved. A
suitably optimized double corrugated geometry demonstrates
the potential to reduce the amount of required MCM in order
to achieve similar efficiency as an AMR with conventional
geometries. This reduces the investment cost of a magnetocaloric
device. Nevertheless, experimental validation of the numerical
results is required in order to confirm the true potential of
AMRs with double corrugated patterns as well as the technical
limitations of the manufacturing process.
The proposed nature-inspired double corrugated flow
patterns for a solid AMR provides significant increase in
maximum cooling power compared to the conventional
AMR flow structures, especially compared to cylindrical
microchannels. Moreover, the established cooling COP still
would be rather high. This means that the nature-inspired
double corrugated geometry is more efficient than conventional
flow structures of a solid AMR. In order to validate the
numerical results, an experimental investigation on AMRs with
nature-inspired flow structure is pending.
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NOMENCLATURE
Abbreviations Pr Prandtl number, [-]
AMR Active magnetic regenerator Qcool Cooling power, [W]
FOPT First order phase transition R Radius, [m]
MCE Magnetocaloric effect Re Reynolds number, [-]
MCM Magnetocaloric material s Specific entropy, [J K-1]
SOPT Second order phase transition T Temperature, [K]
1D One-dimensional TC Curie temperature, [K]
Variables t Time, [s]
Ac Cross-section area, [m] U Utilization, [-]
AR Aspect ratio, [-] V Volume, [m3]
as Specific area, [m
-1] x, y, z Position on a respective axis, [m]
B Applied magnetic field, [T] 1Tspan Temperature difference between hot
and cold reservoirs, [K]
Bi Biot number, [-] ∆p Pressure drop, [Pa]
COP Coefficient of performance, [-] Greek letters
cH Specific heat of magnetocaloric material, [J (kg K)
-1] ∆ Difference, [-]
cf Specific heat of a heat transfer fluid, [J (kg K)
-1] ε Porosity, [-]
cff Scaling factor for friction factor, [-] η2nd Second law efficiency, [%]
cfn Scaling factor for Nusselt number, [-] µ0 Vacuum permeability, [H m
-1]
Dh Hydraulic diameter, [m] ν Frequency, [Hz]
Dsp Particle size, [m] ρ Density, [kg m
-3]
f Friction factor, [-] χ Correction factor for internal
temperature gradient
H Magnetic field, [A/m] Subscripts
h Height, [m] cold Cold side
K Period, [m] disp Dispersion
k Thermal conductivity, [W (m K)-1] f Fluid
l Length, [m] hyst Hysteresis
m Mass, [kg] hot Hot side
m˙ Mass flow rate, [kg s-1] id Ideal
Nu Nusselt number, [-] s Solid
PEC Performance evaluation criterion, [-] stat Static
Frontiers in Energy Research | www.frontiersin.org 17 July 2019 | Volume 7 | Article 68
